ABSTRACT The root aphid Tetraneura nigriabdominalis (Sasaki) (Homoptera: Pemphigidae) is a pest of many Gramineae species; however, little is known about its biology and relationships with host plants. The objectives of this study were to quantify the effects of temperature on development, longevity, fecundity, and population growth of T. nigriabdominalis and to assess the effects of host plant on development of T. nigriabdominalis. The effects of temperature on performance of this root aphid were determined at 10, 15, 20, 25, 30, and 35 Ϯ 1ЊC on rice roots, Oryza sativa L. Nymphal stages from birth to adult decreased from 46.3 d at 10ЊC to 8.5 d at 30ЊC. Aphid survival and development were lowest at 35ЊC, and no aphid produced progeny at this temperature. Average adult longevity decreased from 23. KEY WORDS root aphid, rice, temperature, development, nitrogen content The root aphid Tetraneura nigriabdominalis (Sasaki) (Homoptera: Pemphigidae) is widely distributed in
The root aphid Tetraneura nigriabdominalis (Sasaki) (Homoptera: Pemphigidae) is widely distributed in Africa, India, Pakistan, Sri Lanka, Japan, China, Korea, Malaysia, and the Philippines (Blackman and Eastop 1984) . Tanaka (1961) described the biology of T. nigriabdominalis in Japan. The primary hosts of this aphid are species in the genus Ulmus. Secondary hosts include numerous species of Gramineae in the genera Agropyron, Cenchrus, Chloris, Cynodon, Echinochloa, Eleusine, Eragrostis, Oryza, Panicum, Paspalum, Accharum, Setaria, and others (Blackman and Eastop 1984, 1994) . In Japan, the species is heteroecious holocyclic between Ulmus and the roots of Gramineae (Tanaka 1961) .
T. nigriabdominalis was reported as a pest of rice in Sierra Leone, West Africa, early in the wet season of 1976, when large populations were found feeding on the roots of upland rice plants (Akibo-Betts and Raymundo 1978) . The aphid produces honeydew that attracts ants. The ants, in turn, transport the aphids from plant to plant and protect the colonies from predators and parasites (Akibo-Betts and Raymundo 1978, Wijerathna and Edirisinghe 1995) .
Although the biology and economic impact of several root-infesting aphids have been studied (Campbell and Hutchinson 1995 , Tsai and Liu 1998 , Royer et al. 1999 , only limited studies have been concerned with the menace of T. nigriabdominalis to rice (Gavarra and Eastop 1976 , Akibo-Betts and Raymundo 1978 , Pai et al. 1980 , Hasan and Cervancia 1986 , Wijerathna and Edirisinghe 1995 . In Taiwan, T. nigriabdominalis had only been reported on the roots of Gramineae (Tao 1990) . The biological and ecological information on this aphid are severely deÞcient. Moreover, some Gramineae plants serving as secondary host plants of T. nigriabdominalis are of high economic value, including rice, Oryza sativa L., corn, Zea mays L., and sorghum, Sorghum bicolor (L.) Moench. To successfully prevent or manage the potential damage that could result from T. nigriabdominalis in these crops, we need to understand the basic ecology of this aphid. Therefore, the objectives of this study were to quantify the effects of temperature on development, longevity, fecundity, and population growth of T. ni-griabdominalis and to assess the effects of host plant on development of T. nigriabdominalis.
Materials and Methods
Aphids. Aphids were collected on goose grass, Eleusine indica, adjacent to the rice Þeld of Taiwan Agricultural Research Institute, Wufong Township, Taichung, Taiwan. These aphids were reared on rice seedlings (strain Tainung 8) and maintained as a laboratory colony in a growth chamber at 25ЊC, a photoperiod of 12:12 (L:D) h, and a light intensity of 1,900 Ð2,000 lux. The aphids were put into glass tubes (3.5 cm in diameter and 15 cm in height). Each tube contained a rice seedling (Ϸ2Ð3 cm in height). The tops of glass tubes were covered with organdy to prevent the aphids from escaping. The rice seedlings were changed as necessary. Because of the rapid developmental rates, we divided aphids into new colonies in new rearing devices, and we renewed the seedlings. These processes were continued until the aphid population reached an unfailing supply for our experiment.
Host Plants. Three different plant species from family Gramineae were used in this study and included rice, corn, and sorghum. Seeds of each plant species were allowed to sprout in petri dishes (9 cm in diameter) in a growth chamber at 30ЊC, a photoperiod of 12:12 (L:D) h, and a light intensity of 1,900 Ð2,000 lux. After the seedlings reached a height of Ϸ2Ð3 cm, they were transferred into glass tubes for subsequent experiments.
Aphid Development and Life Table on Rice. Six female adults were taken from the aphid source, and each of these female aphids was placed individually in a glass tube. These six glass tubes were then placed into six growth chambers with speciÞc constant temperatures (10, 15, 20, 25, 30, and 35ЊC) , respectively. Once a newly born nymph was found, it was counted as a replicate and taken away from its mother to a new glass tube. Each aphid was observed daily until its death to obtain the nymphal developmental time, fecundity, and survivorship. During the reproductive period, newborn nymphs were counted daily and then removed.
Aphid Development on Three Plants. Three adult females from the aphid source were taken and raised on rice, corn, and sorghum seedlings separately in growth chambers maintained at 30ЊC, a photoperiod of 12:12 (L:D) h, and a light intensity 1,900 Ð2,000 lux. The aphids were reared on their corresponding host until the Þfth generation, and then Þrst instars of the sixth generation were placed into glass tubes individually and observed daily until they died, to obtain nymphal developmental time. Fifty replicates (nymphs) were conducted for each plant.
Nitrogen Content of Host Plant. Once an aphid died, the roots of the seedling in the tube were collected to analyze nitrogen content. In addition, root nitrogen contents for seedlings without aphid damage also were measured. The samples were oven-dried (at 45ЊC for 1 wk), ground in a Wiley Mill (40 mesh), and stored at room temperature. For nitrogen determinations, we performed micro-Kjeldahl digestions (Parkinson and Allen 1975) , followed by the microNesslerization procedure of Lang (1958) . Glycine p-toluenesulfonate (5.665% nitrogen) was digested concurrently and served as the standard. Chi (1997) . Differences in the life table statistics among temperatures also were analyzed using TukeyÕs HSD tests based on jackknife estimates of variance for these statistics (Meyer et al. 1986 ). Differences in nymphal stage developmental times and root nitrogen content of the three host plants were tested for signiÞcance by ANOVA, by using the general linear model (PROC GLM, SAS Institute 2000). Means were separated by TukeyÕs HSD test after a signiÞcant F-test at P Ͻ 0.05. Differences in nitrogen content of roots with or without aphid damage were analyzed using a t-test (PROC T-TEST, SAS Institute 2000).
Results
Aphid Development on Rice. Among the six constant temperatures tested, T. nigriabdominalis reared at 30ЊC had the shortest nymphal developmental time, which averaged 8.5 d. The developmental time of each instar was reduced by Ͼ50% with increasing temperature from 10 to 25ЊC. From 25 to 30ЊC, the increase became more gradual (Table 1) . This result was also found on the total nymphal developmental time; the nymphal time decreased from 46.3 d at 10ЊC to 8.5 d at 30ЊC (Table 1) . At 35ЊC, however, only 12.5% of nymphs survived, and the nymphal developmental time increased to 10.2 d. In comparison with results of all temperatures used in this study, we found 30ЊC was the temperature closest to the optimal temperature for nymphal development.
Results of adult longevity and fecundity of T. nigriabdominalis at different temperatures are shown in Table 2 . Adult aphids reared at 15ЊC had the highest average longevity (23.3 d), but longevity decreased to 15.8 d at 10ЊC and to 8.2 d at 35ЊC. Average number of nymphs produced per female at 35ЊC was zero, and the highest number was 29.8 at 25ЊC. The fecundity dropped substantially to 0.8 at 10ЊC.
Population growth statistics are summarized in Table 3. The r m , R 0 , and GT all varied with temperatures from 10 to 30ЊC; aphids reared at higher temperature had higher r m and shorter GT. The values of r m (Table  3) indicated that aphid population declined at 10ЊC, whereas the populations grew when reared at other temperatures.
Aphid Development on Three Plants. SigniÞcant differences were found in the developmental time of nymphs on different hosts (Table 4) . Nymphal developmental times began to diverge signiÞcantly from the second instar onward. T. nigriabdominalis reared on Z. mays needed the longest time (10.7 d) to complete the immature stages, whereas aphids that fed on O. sativa had the shortest developmental time (6.9 d) (Table 4) .
Nitrogen Content of Host Plants. Concentrations of root nitrogen varied signiÞcantly among different host plants (Table 5) . When host plants were free from aphids, the roots of O. sativa and Z. mays had higher nitrogen content than those of S. bicolor. Nitrogen content of all three plants increased after aphid feeding; the change in nitrogen concentration for sorghum (increased 6.4%) was less than those of the other two plants (16.3 and 14.8% for rice and corn, respectively).
Discussion
Temperature has been considered one of the most important physical factors to inßuence the developmental rate, reproduction, and survival of aphids (Barlow 1962 , Dixon 1987 . Although insects do not live in a stable environment without temperature ßuctua-tion, the results of studies under constant temperatures are still very useful in understanding the popu- lation dynamics of Acyrthosiphon kondoi Shinji (Summers et al. 1984) . Durations of different aphid instars shortened as temperature increased. Similar results have been reported in other studies (Komazaki 1982 , Mink and Harrewijn 1987 , Hirano et al. 1996 . In our study, the developmental time decreased from 10 to 30ЊC but increased again at 35ЊC. This result suggested that 30ЊC is within the suitable temperature range, and it was actually the optimal temperature for T. nigriabdominalis development among the tested temperatures and that temperatures exceeding 35ЊC are lethal.
Among the population growth parameters, the value of r m has been considered an ideal parameter to compare the growth differences of a population under various conditions (Dean 1974 , DeLoach 1974 , Aldyhim and Khalil 1993 , Tang and Yokomi 1996 , Tsai and Liu 1998 . In our study, r m was highest at 30ЊC, indicating that the T. nigriabdominalis populations would proliferate very fast at this temperature. The shorter mean GT at 30ЊC also indicated the same phenomenon. In addition, past study has indicated 30ЊC to be the most suitable temperature regime for T. nigriabdominalis population growth in goose grass (Kuo and Kuo 2004) .
After the optimal developmental temperature was determined, we assessed the difference in aphid performance among different host plants at this temperature. Our results demonstrate that host plant species has a signiÞcant effect on the performance of T. nigriabdominalis. This result is consistent with the Þnd-ings of others that host plant species has a signiÞcant effect on developmental times and survival rates of three aphid species (Girma et al. 1990 , Tang et al. 1999 . We found that root aphids fed on corn had the longest nymphal developmental time, and those on rice had the shortest. This may be due to the adaptive performance of the aphids after feeding on rice for several generations before the test (Schoonhoven et al. 1998 ). In addition, the temperature (30ЊC) we used in this study is most suitable for rice to grow. Thirty degree Centigrade is on the upper border of the optimal growth temperature for corn and sorghum (Cross and Zuber 1972, Burke 2001) ; therefore, the varied nymphal developmental times may not only be due to plant species but also may be due to plant growth conditions.
Although our results indicate a signiÞcant difference in aphid performance among plant species, the underlying mechanisms are not clear. This could have been due to varied host plant chemistry. Host plant chemistry is considered to be one of the most important factors affecting the performance of herbivorous insects (Ehrlich and Raven 1964 , Barros and Zucoloto 1999 , Fischer and Fiedler 2000 . In our study, we analyzed root nitrogen contents and found corn and rice seedlings had similar and higher root nitrogen content than that of sorghum both before and after aphid damage. Relevant literature indicated that plant nitrogen content can inßuence aphid performance, and a signiÞcant and positive correlation has been found between root nitrogen concentrations and aphid fecundity or relative growth rate (Harrewijn 1970 , Kainulainen et al. 1996 , Scheu et al. 1999 . Our results, however, did not show a strong relationship between root nitrogen content and aphid performance. Root aphid, T. nigriabdominalis performed worse on corn, which contained higher nitrogen content. Other plant factors, such as physical or chemical compounds, may play the roles affecting aphid performance.
In conclusion, this research has shown that 30ЊC to be the most suitable temperature regime for root aphid population growth on rice, and rice is the most predominant crop in Taiwan. Previous study has indicated that corn also could be a suitable host plant for T. nigriabdominalis (Kuo and Kuo 2003) . In Taiwan, rice and corn usually rotate alternatively in a year. Therefore, corn may provide a bridging host for T. nigriabdominalis in this agricultural setting.
